The Notch (N) signalling pathway is recruited for segregation of cell fates in a number of Drosophila tissue types. We show here that N dependent segmentation of Drosophila legs is regulated by a dynamic pattern of expression of its ligand, DELTA (DL). During third larval instar and early stages of pupation, high levels of DL expression is seen in stripes of cells in the leg imaginal discs which later form the proximal borders of leg joints. These domains also displayed heightened Dl enhancer activity. During subsequent stages of pupation, following segmentation of the leg primordium, DL expression becomes uniform throughout these segments barring the joints. We further show that regulatory Dl mutations or mis-expression of DL abolish leg segmentation. Domains of N signalling for segmentation of legs of ies are thus set up by a stringent spatial regulation of expression of its ligand at the segment border. Further, a comparable role of DL in antennal development reveals a common paradigm of DL-N signalling for segmentation of appendages in¯ies. q
Introduction
Legs of insects are divided into segments that articulate at their joints, a hallmark of arthropod appendages. Morphological diversi®cation of individual leg segments has contributed to the successful adaptation of insects to diverse modes of life (Chapman, 1998) . In holometabolous insects like the fruit¯y, Drosophila, primordia of adult legs, namely, the leg imaginal discs grow primarily during larval development. Following pupation, the folded epithelium of the leg imaginal disc evaginates and secrete cuticle to form the adult leg. Morphological distinctions between cells of the future leg segments and those of their joints appear for the ®rst time with the onset of a dynamic pattern of cell shape changes in the evaginating leg epithelium. In fully evaginated leg epithelium, cells of the joints appear circumferentially constricted with reduced surface areas as compared to the adjoining cells forming the segment proper (Condic et al., 1991; Fristrom and Fristrom, 1993; von Kalm et al., 1995) . Insect leg joints are dicondylic, i.e. with two articulations where the joints operate like a hinge (Gillott, 1980) . Further, these joints do not display cuticular outgrowths like hairs and bristles that decorate the leg segments (Bryant, 1978) .
Implication of the Notch, N signalling pathway in Drosophila leg development Bishop et al., 1999; Rauskolb and Irvine, 1999) , provide clues to the mechanisms involved in its segmentation. N signalling is mediated by a series of events generated at the cell surface that ®nally activate its target genes (for review, see Artavanis-Tsakonas et al., 1995; Lendahl, 1998) . The N receptor appears in the cell surface following its cleavage by a metalloprotease encoded by the gene kuzbanian, kuz (Pan and Rubin, 1997) and binds with its transmembrane ligands SERRATE, SER (Rebay et al., 1991) or DELTA, DL (Fehon et al., 1990) . Following ligand receptor binding, intracellular domain of N is proteolytically cleaved, which then enters the nucleus (Kopan et al., 1996) . Interactions of intracellular N with SUPPRES-SOR-OF-HAIRLESS, Su(H) induce transcription of the target genes (Fortini and Artavanis-Tsakonas, 1994; Bailey and Posakony, 1995) . Mutations in N ( or in those involved in its signalling namely, Dl and Ser (Bishop et al., 1999; Rauskolb and Irvine, 1999) , fringe, fng (Rauskolb and Irvine, 1999) which codes for a modulator for binding of N with its ligands (Irvine and Weischaus, 1994; Panin et al., 1997) and kuz (Sotillos et al., 1997) affect leg segmentation. Conversely, ectopic N signalling in the leg imaginal discs generate extra joints and outgrowths in the legs .
N mediated segmentation of legs in¯ies appears to be yet another example of recruitment of this highly conserved signalling pathway (Fleming, 1998) for subdivision of a developing primordium. Indeed, recruitment of the N signalling pathway appears to be a recurrent evolutionary strategy for creating boundaries in an initially uniform developing ®eld. For instance, somitogenesis in vertebrates, which also involves development of boundaries in the initially unsegmented paraxial mesoderm (de Angelis et al., 1997; Conlon et al., 1995) , is mediated by N signalling. In¯ies too, several instances of N mediated development of compartment boundaries or sub-division of embryonic ®elds have been noted. These include the boundary between the cells of dorsal and ventral compartments of the wing (Irvine and Weischaus, 1994; Doherty et al., 1996; Panin et al., 1997; Micchelli and Blair, 1999) and the eye imaginal discs (Papayannopoulos et al., 1998; Dominguez and de Celis, 1998) or the demarcation of the vein and intervein territories in the developing wing imaginal discs (de Celis et al., 1997) . Mechanism of N dependent leg segmentation can thus be viewed as essentially that of demarcation of presumptive segment borders to set up the spatial domains of its signalling. Given the dependence of N signalling on the binding of its ligands (Artavanis-Tsakonas et al., 1995) , spatial regulation of the latter could be a key event in setting up the domains of N signalling for leg segmentation. Indeed, recent reports on the role of N signalling in leg development revealed a segmentally repeated pattern of expression of its ligands, DL and SER Bishop et al., 1999; Rauskolb and Irvine, 1999) .
In this report, we have explored the role of the N ligand DL during leg development. We show that DL expression is upregulated at the proximal borders of the presumptive leg joints. Loss of this segmental modulation of DL expression due to regulatory Dl mutations or its mis-expression from a transgene abolishes leg segmentation. Regulation of DL expression at the presumptive segment borders thus mark the domain for N mediated development of the leg joints. Dl mutants also displayed proximal-to-distal fate transformations in the distal tarsi suggesting that in the absence of segmentation, fates in distal tarsi fail to diversify from those of the proximal ones. Finally, we show that segmentation of antenna, which share a common ground plan for development with that of the leg (Postlethwait and Schneiderman, 1971) , is also regulated by a segmental regulation of DL expression. Segmentation of insect appendages thus depend on spatial regulation of N ligands.
Results

Spatial regulation of DL expression at the proximal borders of leg joints
We examined the pattern of DL expression through three stages of leg development, namely, the third larval instar when cells of the presumptive leg joints have not constricted (Fig. 1a) , the early stages of pupation (Fig. 1b) when they display signs of constriction and, ®nally, after full evagination (Fig. 1c) when the cells of the leg joints appear highly constricted (see Condic et al., 1991; Fristrom and Fristrom, 1993) . DL displays a generalized and largely vesicular localizations in the developing segment of the leg imaginal discs (Fig. 1d,e) . However, its expression remains up-regulated at the borders of the future leg joints throughout the third larval instar (Fig. 1d ) and the early stages of pupation (Fig. 1e ). These domains of up-regulated DL expression in the leg imaginal discs (Fig. 1d ,e) appear to pre®gure the presumptive proximal boundaries of future leg joints. During late pupal stages (Fig. 1f) , DL displays largely uniform localizations in the epithelial cell membranes of the developing legs, except their joints (arrows in Fig. 1g ).
Spatial regulation of DL expression was further examined from a novel Dl enhancer trap line isolated from our screen and compared to the one described earlier (Bishop et al., 1999; Rauskolb and Irvine, 1999) . P lacW element of the new Dl enhancer trap line showed in situ location in the chromomeric interval 92A (Table 1) , the cytological position of the Delta, Dl locus (Vassin and Campos-Ortega, 1987 ) and failed to complement Dl de®-ciencies. Further, in contrast to the previously described enhancer trap line, which is located 249 bp 5 H to the Dl transcription unit (Fig. 2f) , the newly identi®ed Dl insertion is located nearly 35 kb apart in the 3 H end. These characteristics of the new P induced allele of Dl, named as Delta bala1 (Dl bl1 ) and its various derivatives are summarized in Table 1 and Fig. 2 .
In Dl bl1 enhancer trap line, the lacZ reporter expression was seen as reiterated stripes in the distal domain of the leg imaginal discs of third instar larva (Fig. 2a) . In evaginated leg imaginal discs, these stripes were resolved in the presumptive tarsal segments T1, T2 and T3 (Fig. 2b) . The Dl bl5 enhancer trap line, derived from deletion of the miniw 1 marker of the P lacW element of Dl bl1 line (Table 1) , however, displayed a more extensive reporter activity encompassing the presumptive femur, tibia and all the tarsal segments ( Fig. 2c and Table 1 ). lacZ reporter in the Dl bl enhancer trap lines also display characteristic upregulated activity in the proximal borders of the presumptive leg joints (Fig. 2b,c) . Further, although the lacZ reporter activity in the line P-1651 appeared more intense (Fig. 2d , also see Bishop et al., 1999; Rauskolb and Irvine, 1999; than the ones reported here (Fig. 2b,c) , in either case its activity is up-regulated in 3-4 cells wide stripes which form the proximal borders of the future leg joints (insets in Fig. 2c,d ). This domain of heightened Dl enhancer activity thus corresponds to the domain of up-regulated DL expression (Fig. 1d,e) . In the segmented pupal legs, these cells displaying Dl enhancer activity at the proximal segment borders (red in Fig. 2e ) were seen to abut the belt of highly constricted cells of the leg joints (arrows in Fig.  2e ). Despite the distance from the Dl transcription unit and complicated nature of insertion within a yoyo element, the lacZ reporter appears to respond ef®ciently to the Dl enhancers. These observations on the pattern of DL expression Fig. 1 . Spatial regulation of DELTA, DL expression in developing leg segments. Schematic presentation of leg imaginal discs of (a) late third instar larva, (b) early and (c) late pupae. Insets in (a) and (c) schematically display the characteristic cell shapes in the presumptive joints in larval and late pupal legs, respectively. Note that cells in pupal leg joints display isometric, elongated and circumferentially constricted cell shape (after Condic et al., 1991) . (d±f) DL expression corresponding to the developmental stages shown in (a±c), respectively. Note the general vesicular localization of DL till early stages of pupation and its up-regulated expression at segment borders (d,e). (f) Segmented pupal leg display intense localization of DL in the epithelial cell membrane and an overall uniformity of expression. (g) Higher magni®cation of the leg shown in (f) where arrows mark the regions corresponding to the leg joints which do not display DL expression.
( Fig. 1 ) and the spatial distribution of cells displaying Dl enhancer activity (Fig. 2 ) reveal a stringent developmental regulation of DL in the proximal borders of the presumptive leg joints.
Dl mutant legs develop presumptive proximal borders of leg joints but do not display growth, segmentation and cell shape changes
In contrast to wild-type legs (Fig. 3a) , Dl bl1 mutant¯ies displayed undergrowth and aberrant segmentation of the fourth (T4) tarsal segment ( Fig. 3b and Table 1 ). This represents the weakest Dl leg phenotype. Stronger leg phenotypes produced in trans-allelic combinations of various Dl bl alleles showed undergrowth as well as loss of leg joints in the more proximal tarsi to form a compound (T1±4) tarsus (Fig. 3c,d and Table 1 ). Phenotypic defects in Dl bl mutant legs could thus be arranged in the order of increasing severity of loss of leg joints and growth. Interestingly, in the unsegmented regions of the mutant legs, pattern elements characteristic of the proximal borders of the tarsal joints were invariably seen (arrows in Fig. 3b±d ; see also Bishop et al., 1999) . The compound tarsus (T1±4) of the Dl mutant legs thus appear as consecutive rows of presumptive border cells. Indeed, lacZ reporter activity detected in different combinations of Dl bl alleles ( Fig. 3e and Table 1 ) also revealed close appositions of cells of the presumptive proximal borders of leg joints. These observations con®rm the persistence of presumptive proximal segment border cells in the mutant legs.
Examination of epithelial cell morphology in evaginated legs revealed characteristic belts of constricted cell types to mark the joints in the tarsal segments in wild-type (arrowheads in Fig. 3f ) but not in the compound tarsus (T1±4) of the Dl bl mutant legs (Fig. 3g) . The latter only displayed dispersed groups of poorly constricted epithelial cells (arrows in Fig. 3g ). These observations reveal that the Dl mutants per se do not suffer from loss of presumptive segment border cells. Instead, these mutant legs fail to display intercalary growths to space the border cells apart on one hand and, on the other hand, fail to induce cell shape changes in the region adjoining these presumptive segment borders. In the absence of any alteration in the Dl transcription unit (see Fig. 2f ), leg phenotypes in these Dl bl mutants are likely to be induced by a loss of the characteristic spatial regulation of DL (see Fig. 1d ,e).
Segmental regulation of DL expression setup N signalling for development of leg joints
A hall-mark of DL expression during leg development is its regulation at the proximal borders of the presumptive leg joints (Figs. 1 and 2 ). This characteristic pattern of spatial regulation of DL expression is likely to induce leg segmentation and joint formation due to N signalling at the neighboring cells. If so, a uniform DL expression in the growing imaginal discs, as opposed to its segmentally modulated pattern, would affect adult leg segmentation and growth. To test this possibility, we used the UAS/GAL4 system (Brand and Perrimon, 1993) for targeted mis-expressions of DL (Klein et al., 1998) . We chose the Distalless-GAL4 (Dll-GAL4) driver (Calleja et al., 1996) to express DL over a domain corresponding to the distal tibia and all the ®ve tarsal segments ( Fig. 4a; see Calleja et al., 1996) . This produced indiscriminate DL expression (not shown here) in leg imaginal discs overriding its segmental modulation.
Adult legs derived from these larvae showed loss of both growth and segmental joints in the distal leg domains (Fig.  4b ). These observations underscore the critical role of a spatial regulation of N ligands for leg segmentation.
In Dll-GAL4/UAS-Dl larvae, DL is mis-expressed over a large domain, spanning several developing leg segments. Leg phenotypes thus induced under the in¯uence of this driver could be due to a global mis-expression of DL, rather than a subtle loss of its segmental regulation. To further The domain of Dll-GAL4 expression is shown in grey which span from distal region of tibia (Ti) to all the ®ve tarsal segments (T1±5). (b) Adult leg derived from Dll-GAL4/UAS-Dl display loss of growth and segmentation in the domain where DL is over-expressed under the in¯uence of the Dll-GAL4 driver. (c) GFP reporter expression (green) in segmented leg of a ap-GAL4/UAS-GFP pupa to reveal the domain of expression of ap. Note the uniform ap expression in T4 and part of T5. Arrow marks the leg joints between these two segments. Epithelial cells are visualized by staining for F-actin ®lament (red). (d) A wild-type mesothoracic leg showing the tarsal segments T3, T4 and T5 for comparison with (e) the compound tarsal segment (T4±5) formed due to DL overexpression in a mesothoracic leg of ap-Gal4/UAS-Dl animals. Note the loss of joint between T4 and T5, and the mis-aligned bristles. (f) Dl FE32 heterozygote displaying antimorphic phenotype characterized by fusion of T2 and T3. (e H ,f H ) Restoration of phenotypic defects induced, respectively, by DL over-expression (e H ) and antimorphic Dl mutation (f H ) following a brief period of development at a restrictive growth temperature of 298C in a N ts background.
critically test the consequences of overriding the developmental regulation of DL expression, we chose the apterous-GAL4 (ap-GAL4) driver (Calleja et al., 1996) , which is active in a restricted domain of the leg imaginal disc (Kojima et al., 2000) . ap is expressed uniformly throughout the presumptive T4 and part of T5. In the evaginated legs of pupae, this domain of ap expression is seen to¯ank the joint between the last two tarsal segments (arrow in Fig. 4c ). Over-expression of DL in this domain in ap-GAL4/UASDl larvae thus induced uniformly elevated levels of DL expression in T4 and T5 (not shown here). In contrast to the wild-type distal tarsi (Fig. 4d) , legs derived from these larvae showed loss of the joint between the T4 and T5 and misaligned bristles (Fig. 4e) . These results thus con®rm a stringent segmental regulation of DL expression for appropriate leg segmentation. Loss of leg segmentation due to DL mis-expression (Fig.  4e) is most likely to be due to aberrant N signalling. Interestingly, phenotypes induced by over-expression of N ligands can be partially suppressed (Doherty et al., 1996) in genetic backgrounds, such as the one provided by the N ts allele (Shellenbarger and Mohler, 1978) , which compromise the activity of the N receptor at a restrictive growth temperature. We took advantage of this phenomenon to test if the defective segmentation induced by DL mis-expression could be alleviated in a N ts background. Mid-third instar larvae (72±96 h of oviposition) of the genotype y N ts1 ; ap-Gal4/UAS-Dl were grown brie¯y at a restrictive temperature of 298C. Flies derived from these larvae showed a complete restoration of the normal pattern of leg segmentation (Fig. 4e H ). Based on these results, we conclude that the aberrant phenotypes induced by DL mis-expression were indeed induced by indiscriminate N signalling.
A series of previously described antimorphic Dl alleles namely, Dl , Dl FE32 (Fig. 4f) and Dl b107 (Vassin and Campos-Ortega, 1987 ) displayed phenotypes reminiscent of those induced by DL mis-expression. Adult legs of y N ts1 ; Dl FE32 /1 heterozygotes exposed brie¯y to restrictive temperature during larval development displayed complete restoration of the wild-type pattern of leg segmentation. Taken together, restoration of phenotypes induced by DL mis-expression (Fig. 4e H ) or Dl antimorphic mutations (Fig.  4f H ) in N ts genetic background further con®rms that N signalling for leg segmentation is regulated by a stringent control of spatial expression of its ligand, DL.
Segmentation and acquisition of distinct proximal± distal (P-D) cell fates in legs
Adult leg segments display distinct fates along its proximal±distal (P-D) axis. The tarsal segments, in particular, illustrate the case of acquisition of distinct fates in the serially repeated segments at different P-D levels. The basitarsus (T1) of the prothoracic leg is larger and longer than the T2, while the more distal tarsi are shorter than the latter (Fig.   5a ). T3 and T4 are phenotypically indistinguishable from each other while T5 displays a pair of claws (Tokunaga, 1962; see Fig. 5a ). These distinctive fates of the individual tarsal segments appear to be under stringent genetic regulations (Godt et al., 1993) . The Dl bl mutant legs in different allelic combinations were examined to test this possibility. One of the most distinctive features of the basitarsus (T1) of wild-type male prothoracic leg is the sex-comb (arrow in Fig. 5a ), a longitudinal row of about eleven blunt bristles, located in its distal end (Hannah-Alava, 1958) . In Dl bl mutants displaying a moderate leg phenotypes, minor duplications of the sex-comb bristles were occasionally seen (arrowhead in Fig. 5b ) while those displaying stronger leg phenotypes, produced in combination with the antimorphic Dl FE32 allele (Fig. 5c and arrowhead in inset), showed a serial reiteration of sex-comb bristles in the compound tarsus (T1±4). Given that the compound tarsus represents a series of leg segments without their boundaries (Fig. 3) , serial reiteration of the sex-combs bristles would imply reimposition of proximal fates at a distal domain. A comparable fate transformation was also seen in the metathoracic legs (not shown here). Segmentation therefore appears to be linked to the acquisition of distinct proximal±distal cell fates in the distal domain of the¯y legs.
Requirement of DL for segmentation and patterning in antenna
Legs and antennae represent homologous appendages of the thorax and the head, respectively (Postlethwait and Schneiderman, 1971) . The distal-most segment of antenna, arista, is connected to the antennal segment III by the basal cylinder (arrow in Fig. 6b) ; the latter is homologous to the tarsal segments T2±4 of legs (Postlethwait and Schneiderman, 1971 ). Antennal discs display segmental pattern of DL expression (Rauskolb and Irvine, 1999) and Dl enhancer activity (Fig. 6c) . Further, antennae of different Dl bl alleles displayed loss of the basal cylinder (Fig. 6d) , in a manner reminiscent of the truncation of tarsal segments T2±4 of Dl mutant legs (Fig. 3) . As in legs, the basal cylinder is also lost in antennae displaying DL mis-expression, i.e. in the antimorphic Dl FE32 alleles (Fig. 6e) and in¯ies of the genotype ap-GAL4/UAS-Dl (Fig. 6f) . In either case, we could partially restore the wild-type segment in an N ts1 background (arrows in Fig. 6e H ,f H ). These parallels in the Dl mutant legs (Fig. 4) and antennae (Fig. 6 ) reveal a common paradigm of Dl-N mediated segmentation in these two homologous appendages of Drosophila.
Discussion
Spatial regulation of N ligand, DL, for segmentation of Drosophila appendages
The novel enhancer trap line (Fig. 2) reported here reveals the domain of the developing leg segments where Dl enhancer activity is most intense, namely, the proximal borders of the presumptive leg joints. This interpretation is based on the rationale that an overall weak detection of enhancer activity in this line (Fig. 2a,b and Table 1 ) limits its ability to mirror only the domains of highest Dl enhancer activity. Up-regulation of ligand expression is a pre-requisite for activation of N signalling in neighbouring cells (for review, see Artavanis-Tsakonas et al., 1995) . During wing development, for instance, a high level of DL expressions in the presumptive vein forming regions induces N activity in the intervein regions. Vein-intervein boundaries of wings are thus set up by spatially regulated expression of the N ligand, DL (de Celis et al., 1997) . In the context of the leg segmentation too, an up-regulated DL expression in the proximal borders of the leg joints (Figs. 1 and 2 ) provides a mechanism for segmentation due to N signalling in the adjoining groups of cells (see Rauskolb and Irvine, 1999; Bishop et al., 1999) which acquire characteristic cell shapes to form the segmental constrictions (Fig.   2e) . Loss of this characteristic pattern of DL regulation, as in the case of its mis-expression induced by the ap-GAL4 driver (Fig. 4) , abolishes leg joint morphogenesis. Further, leg phenotypes of recessive (Dl bl ) and antimorphic alleles (Dl FE32 ) of Dl suggest, respectively, loss of its segmental regulation and overexpression. Both these conditions, although producing opposing effects on DL regulations, display comparable leg phenotypes since in either case its segmental modulation is compromised. Not surprisingly, the leg phenotypes induced by DL over expression (Fig.  4) , and not those induced by a recessive loss (various Dl bl alleles) of its segmental regulation (not shown here), are restored in a N ts background. N dependent segmentation of legs or the development of vein-intervein boundaries in wings of Drosophila have been proposed to be developmental mechanisms designed to subdivide a morphogenetic ®eld into smaller territories for local control of growth and patterning (Milan and Cohen, 2000) . Indeed, these Dl mutant leg phenotypes provide strong support for this view of leg segmentation where segment boundaries serve as local sources for N signalling. Dl mutant legs, lacking the segment boundaries, thus display loss of both leg joints and growth (Fig. 3) . In summary, these results show that one of the most critical elements in N dependent leg segmentation is spatial regulation of expressions of its ligands.
The role of Dl during segmentation of legs is reminiscent of that of its role in the development of vertebrate somites. In the latter too, presumptive proximal and distal somite borders display distinct levels of expression of the mammalian homologues of N ligand DL (de Angelis et al., 1997; Kusumi et al., 1998) . Given this strong conservation of the N signalling pathway for the development of segment boundaries, it is not surprising that segmentation of antenna is also regulated by an identical mechanism. We have noted leg-like distribution of the Dl-speci®c lacZ reporter when antenna-to-leg transformations are induced (not shown here) by mutation in the homeotic gene Antennapedia, Antp (Schneuwly et al., 1987) . A common mechanism of Dl-N signalling for segmentation of antennae and legs thus operates with the caveat that it is spatially controlled by the hierarchy of regulatory pathways active in individual appendages (Wagner-Bernholz et al., 1991; Rauskolb and Irvine, 1999) . By extension, these results also imply that the diverse pattern of segmentation of appendages in different insect groups could be generated by spatial regulation of the N ligands. The range of variations in the number of segments in appendages of Dl mutants (Fig. 3) are reminiscent of variations seen in not too distantly related dipteran groups such as mosquitoes (e.g. 15 antennal segments) and horse¯y (seven antennal segments, Gillott, 1980; Castrejon-Gomez et al., 1999 and also see http://edis.ifas.u¯.edu). Indeed, distinct sets of segment speci®c enhancers have been identi®ed for the N ligand, SER (Bachmann and Knust, 1998) . Dl-speci®c enhancer activities displayed by reporter gene located at a considerable distance from the transcription unit (Fig. 2f ) also raise the possibility of a wide distribution of its cis-regulatory elements in and around the Dl locus. Combined activities of these different cis-regulatory elements of N ligands would offer a wide range of control for spatial regulation of N signalling. The immense variety of segmentation of appendages seen in different insect groups could thus be generated by spatial regulation of N ligands. 
DL expression, leg morphogenesis and cell fate
Leg morphogenesis involves major changes in cell shape for its growth, elongation and segmentation (Fristrom and Fristrom, 1993) . During imaginal disc development overall absence of DL in cell membrane, despite its abundant presence in endocytotic vesicles, is believed to re¯ect its rapid re-cycling from the cell surface (for a detailed discussion, see Parks et al., 2000) . In agreement with this interpretation mutant variants of DL, which induce its loss-offunction phenotypes, display localization in the cell surface (Parks et al., 1995) . This would also imply that during normal course of development a decline in sub-cellular traf®cking of DL would result in its predominant localization in the cell surface. The patterns of sub-cellular localization of DL during the course of leg imaginal disc development (Fig.  1) appear to con®rm these links between its localizations and functions. Thus during larval and early pupal stages, DL displays a vesicular distribution and following leg segmentation it remains predominantly membrane bound (Fig. 1) . Segmentation apart, DL is also likely to participate in different aspects of leg cell morphogenesis. The altered density/ alignment of bristles in legs where DL is mis-expressed (Fig. 4) raise these possibilities which needs further critical examinations.
Speci®cation of tarsal cell fate has been related to the differential pattern of distribution of the BRIC-A-BRAC, BAB, a nuclear protein which share homology with Drosophila genes tramtrack and Broad-Complex (Godt et al., 1993) . T1 contains the lowest levels of BAB expression and is considered the ground state while T2±4 displays its elevated distribution. In the absence of their characteristic modulation in bab mutants, a fate transformation in the distal tarsi (T2±4) towards T1 is seen (Godt et al., 1993) . Sex-comb multiplications or proximal-to-distal fate transformation in the compound tarsus of Dl mutant legs is suggestive of mis-regulation of markers, such as BAB, involved in speci®cation of tarsal cell fates. Our observations thus suggest that P-D fate determination in legs is linked to their Dl-dependent segmentation.
Materials and methods
Enhancer trap screen
Enhancer trap screen was carried out as described earlier (Bier et al., 1989; Bhojwani et al., 1995) by mobilizing a P lacW transposon from the X-chromosome to autosomes and subsequent examination of the lacZ reporter activity in individual P lacW insertion lines. Mutant alleles of the desired enhancer trap lines were generated by excision of the P lacW insertion (Bier et al., 1989) and by X-ray induced loss (Roberts, 1976) of the mini-w 1 marker. Pharate adults homozygous for P lacW insertions at chromomere 92A and its various mutant alleles showing loss of the mini-w 1 marker were examined for developmental defects and tested for allelism with Delta (Dl). Complementation tests were carried out using various Dl de®ciencies, namely, Df(3R)Dl FX2 , Df(3R)Dl FX3 , Df(3R)Dl X43 (Lehmann et al., 1983) , Df(3R)Dl KX5 , Df(3R)Dl KX18 , Df(3R)Dl KX21 , Df(3R)Dl KX23 (Vassin and Campos-Ortega, 1987) . To map the P lacW element in the Dl locus, genomic fragments anking this element were recovered by plasmid rescue (Bier et al., 1989) . These were then sequenced using the USB Sequenase Version 2.0 kit with ends of the P element as primers. These sequences were then matched with those of the BDGP database.
Immunohistochemistry
lacZ reporter activity in the enhancer trap lines were detected either by enzymatic breakdown of the chromogen X-gal by b-galactosidase (see Bhojwani et al., 1995) or by its immunochemical localization. Immunochemical localizations of DL and b-galactosidase were carried out as described by Pai et al. (1998) . Phalloidin staining of the evaginating leg imaginal discs were carried out to examine the leg epithelium (see Condic et al., 1991) . Confocal acquisitions were done in a BioRad MRC 1024 system.
Rescue of Dl leg phenotypes by N ts mutation
Mis-expression of DL during leg development was carried out by the Gal4/UAS system (Brand and Perrimon, 1993) . Flies carrying the Gal4 driver lines Dll-Gal4 (Calleja et al., 1996) or the ap-Gal4 (Bloomington Stock Center) were crossed to those carrying the UAS-Dl construct (Klein et al., 1998) . Pharate adults from these crosses were examined for defect in legs and antennae. Rescues of leg and antennal phenotypes induced by Dl antimorphic alleles or those induced by DL mis-expression were tested in a N temperature sensitive mutant background. y N ts1 females (Shellenbarger and Mohler, 1978) were crossed to Dl FE32 e/TM6C males. These cultures were raised at the permissive temperature of 188C, until mid third larval instar (72 h of oviposition) when they were shifted to the restrictive temperature of 298C for 24 h and, subsequently, returned to the permissive temperature for the rest of the period of development. Following eclosion, males of the genotype y N ts1 /Y; Dl FE32 e/1 were examined for developmental defects while their sibling y N ts /1; Dl FE32 e/1 females served as controls. Rescue of the phenotypic defects induced in ap-Gal4 X UAS-Dl larvae were also tested in a similar manner in a y N ts1 mutant background.
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